ABSTRACT: Osteoarthritis is a harmful joint disease but prediction of disease progression is problematic. Currently, there is only one modeling framework which can be applied to predict the progression of knee osteoarthritis but it only considers degenerative changes in the collagen fibril network. Here, we have developed the framework further by considering all of the major tissue changes (proteoglycan content, fluid flow, and collagen fibril network) occurring in osteoarthritis. While excessive levels of tissue stresses controlled degeneration of the collagen fibril network, excessive levels of tissue strains controlled the decrease in proteoglycan content and the increase in permeability. We created four knee joint models with increasing degrees of complexity based on the depthwise composition. Models were tested for normal and abnormal, physiologically relevant, loading conditions in the knee. Finally, the predicted depth-wise compositional changes from each model were compared against experimentally observed compositional changes in vitro. The model incorporating the typical depth-wise composition of cartilage produced the best match with experimental observations. Consistent with earlier in vitro experiments, this model simulated the greatest proteoglycan depletion in the superficial and middle zones, while the collagen fibril degeneration was located mostly in the superficial zone. The presented algorithm can be used for predicting simultaneous collagen degeneration and proteoglycan loss during the development of knee osteoarthritis. ß
Osteoarthritis (OA) is a degenerative, complex, multi-faceted joint disease, causing eventually substantial pain in the joint. The first signs of cartilage degeneration are proteoglycan (PG) loss and collagen degeneration, leading to higher permeability of the tissue. [1] [2] [3] [4] [5] [6] The mechanisms driving these changes during the progression of OA are still not fully understood, but it has been suggested that excessive stresses, strains, and cumulative loadings in cartilage play a major role. [7] [8] [9] [10] When OA is initiated and progressed due to external loading (e.g., continuous overloading, injurious loading leading to anterior cruciate ligament rupture or some other form of joint injury) or internal factors (e.g., aging, inflammation due to joint injury), homeostasis inside cartilage is disturbed; the cartilage tissue starts to fail to perform its normal functions, primarily due to the superficial collagen fibrillation and depletion of PGs [1] [2] [3] (Fig. 1 ). General understanding of the initiation and progression of cartilage degeneration is still vague. Previous studies have indicated that cartilage overloading can result in cell death and release of inflammatory cytokines, inhibiting PG production and leading to PG loss. [11] [12] [13] [14] This was suggested to subject the collagen network to damage and degradation by changing the loading of the network. 12, 13 PG loss to synovial fluid in early OA has also been suggested to occur secondarily due to collagen network damage and altered integrity, 15, 16 which can be initiated by tissue overloading. 15, 17 Computational models of the knee joint are able to simulate knee joint reaction forces, stresses and strains within the knee joint tissues during physiological joint loading. [18] [19] [20] [21] [22] Especially in finite element (FE) based approaches, [20] [21] [22] constitutive material models of soft tissues in the knee have varied from a simple isotropic linear elastic material 22 to very complex anisotropic materials, which are able to take into account the effects of composition and structure (proteoglycan, collagen, interstitial fluid) inside the knee joint cartilage. 20, 21 Nonetheless, although the above models can provide an estimation of stresses and strains inside cartilage, they do not offer any solution to predict changes in tissue composition and structure occurring during the progression of OA.
Currently, there are only a few computational approaches available which are able to simulate cartilage degeneration. 15, 17, 23 In these approaches, the degeneration is triggered either by excessive levels of strains or stresses or a combination of both. In a recent study, 17 a cartilage degeneration algorithm was implemented for the first time in the geometry of the knee joint. In this algorithm, cartilage degeneration was controlled by the excessive and cumulatively accumulated maximum principal stresses within the knee joint cartilage during physiologically relevant loading. This parameter is typically considered to reflect tissue failure. Collagenous cartilage tissue is often modeled as a fibril reinforced material, [24] [25] [26] in which local maximum principal stresses are primarily oriented along the tensile direction of the collagen fibrils. Even though the model predictions (degree of collagen fibril network degeneration) were in good agreement with experimentally determined follow-up radiographic grades of OA, the PG depletion and increase in tissue permeability were omitted in this approach. 6, 27, 28 It has been shown that cell death and PG depletion of cartilage may occur as a result of excessive levels of compressive and/or shear strains. 29, 30 On the other hand, deviatoric strain takes into account several strain components and was earlier implemented in a cartilage model to control the nonfibrillar matrix damage in indentation. 31 It has also been shown that the PG loss is related to increased cartilage permeability. [4] [5] [6] Cartilage is also a highly inhomogeneous tissue with an arcade-like collagen architecture; the collagen and PG contents increase as a function of tissue depth in human cartilage. 32 This inhomogeneity is responsible for the depth-wise tissue tension and compression, which should be directly reflected in altered maximum principal stresses and deviatoric strains. Experiments have also shown cartilage failure to be dependent on collagen content. 33, 34 Some of these aforementioned mechanisms have already been implemented and tested in computational damage models of cartilage. 15, 23 However, they have not been tested simultaneously in joint level computational models.
The aim of this study was to further develop the previously presented degeneration algorithm 17 by applying a previously validated fibril reinforced poroviscoelastic material model of cartilage [24] [25] [26] in the knee in order to investigate the effect of physiologically relevant loading on the PG depletion and altered fluid flow in conjunction with collagen fibril degeneration during the progression of knee OA. Results from the developed algorithm were compared with the experimentally determined depth-wise histological data (Fig. 1) . We hypothesized that experimentally observed depth-dependent PG depletion and collagen fibril degeneration 2, 3, 32, [35] [36] [37] can be simultaneously simulated at the joint level based on excessive tissue deviatoric strains and maximum principal stresses, adopted from earlier experimental in vitro studies. 10, 29, 30, 34 We also hypothesized that this result can only be obtained if the material model for cartilage includes depth-dependent properties of the tissue. The presented results may reveal potential mechanisms and interactions behind PG depletion and collagen degeneration caused by knee joint overloading.
METHODS

Model Geometry
The image data used for generating the knee joint model was obtained from the Osteoarthritis Initiative database (OAI-https://oai.epi-ucsf.org). See more details in the supplementary material.
Material Models
Similarly as in our previous study, 17 cartilage tissue was considered as a fibril reinforced poroviscoelastic (FRPVE) material. The total stress tensor of the FRPVE material is:
where s t is the total stress tensor, s nf is the stress tensor of the non-fibrillar matrix, s f is the stress tensor of the fibril network (sum of primary and secondary fibril stresses), p is the fluid pressure, and I is the unit tensor. The non-fibrillar matrix can be expressed by the Neo-Hookean model as follows:
where J is the determinant of the deformation gradient tensor F. Bulk modulus ðK m Þ and shear modulus ðG m Þ are characterized with the non-fibrillar matrix Young's modulus (E m ) and Poisson's ratio (y m ). Fluid flow inside the cartilage tissue is controlled by Darcy's law with permeability (k). The stress for each individual collagen fibril in the fibril direction is calculated as follows:
where the fibril network properties are characterized by the initial (E 0 ) and the strain-dependent fibril network modulus (E e ) as well as the damping coefficient (h), e f is the fibril strain, and _ s f and _ e f are stress-and strain rates, respectively. Each integration point of the continuum element has 17 separate fibrils, which are divided into four primary and 13 secondary fibrils. The secondary fibrils represent collagen cross-links and are organized systematically randomly, while the primary fibrils represent the arcade-like organization. The organization of the primary fibrils changes according to tissue depth similarly as in the previous studies. 24, 25, 38 Fibril stresses in the individual primary s f;p and secondary s f;s fibrils are calculated as follows:
where s f is the fibril stress, r is the normalized fibril density, and C (¼12.16) is the fraction between the primary and secondary fibrils. The total fibril stress tensor is then the sum of individual fibril stresses
where denotes the dyadic product, totf is the total number of fibrils, and e f;i is the fibril direction vector (orientation).
Since only short-term loading was applied, and because our main focus was on analyzing cartilage degeneration, only forces through the meniscal tissues (meniscal support forces) during loading were needed (not stresses/strains within the menisci). Therefore, meniscal tissues were considered as a transverse isotropic linear elastic material, similarly as in several previous knee joint modeling studies. 17, [39] [40] [41] In order to mimic the compression-tension behavior in the meniscus, the axial and radial Young's moduli were designated as 20 MPa while the circumferential Young's modulus was 140 MPa. The in-plane and out-of-plane Poisson's ratios were 0.3 and 0.2, respectively, and the shear modulus was set to 57.7 MPa. 17, [39] [40] [41] Degeneration Algorithm Collagen Fibril Network Degeneration Based on previous studies, 7,9,42-44 the collagen fibril network was assumed to be degenerated due to excessive and cumulatively accumulated tensile tissue stresses (positive maximum principal stresses from the Cauchy stress tensor) within the knee joint cartilage during physiologically relevant loading by local changes in the primary and secondary fibril stresses (see Equations 5 and 6) 17 :
where el is the location (element number) and i is the current iteration number. The current degree of fibril degeneration D el;i (1 ¼ no degeneration; 0 ¼ total degeneration) was written as follows 17 :
where TOT is the total number of required time points (t) during each iterative loading step and INC t is the duration of each time increment. The calculated fibril degeneration factor D el;t was assumed to be dependent on the time increment (phase of the gait load), that is, D el;t was calculated separately for each element and time point during the stance phase as follows 17 :
where T s f is the threshold limit for the collagen fibril degeneration and S el;t is the local tensile stress value (positive maximum principal stress) at each time point.
Proteoglycan Depletion A similar principle as used for collagen degeneration was applied for PG depletion. Instead of maximum principal stress, in the present study, excessive deviatoric strain was assumed to trigger PG loss, similarly as described before in the computational damage model of cartilage. 31 Since the PG content has been associated with the non-fibrillar matrix modulus (E m ), 28 the PG depletion was related to a decrease in the non-fibrillar matrix modulus after each iteration (i) as follows:
where PG el;i is the current degree of PG degeneration. Similarly as in our previous study and collagen fibril degeneration (above), 17 and consistent with other earlier suggestions 7, 9, 43, 44 both excessive (i.e., when the threshold is exceeded at a certain time point) and cumulatively accumulated mechanical signals were considered to cause PG depletion. Thus, the contribution of excessive and accumulated tissue strains to PG depletion was considered with a similar principle as in the case of collagen degeneration (see Equation 11):
where the calculated PG degeneration factor PG el;t was related to deviatoric strain e dev el;t and assumed to be dependent on the time point (phase of the gait load) and was calculated as follows:
where T e dev is the threshold level for the initiation and progression of the PG depletion. The equation for deviatoric strain is defined as follows:
where e p;i are the principal strains of the "integrated" total strain tensor (output variable E in Abaqus, see more details NEW ALGORITHM FOR SIMULATION OF PROTEOGLYCAN LOSS AND COLLAGEN DEGENERATION in supplementary materials) for an element el at time point t (phase of the gait load). Finally, in order to avoid convergence problems with zero stiffness values in elements, we assumed that the non-fibrillar matrix modulus would never reach zero. Thus, the maximum amount of PG depletion was set to 90% (see the initial values for E m from Table 1 ).
Cartilage Permeability
According to previous experimental data, [4] [5] [6] the increase in cartilage permeability was related to the decrease in PG content. Otherwise permeability k el;i was constant during each loading cycle and was implemented as follows:
where k 0 is the initial permeability, w is the factor defining the increase in cartilage permeability as a result of a decrease in the PG content. Based on selected experimental data of the relationship between the non-fibrillar matrix modulus and permeability due to cartilage degeneration, 1, 6 the factor was set to w ¼ 3. On the other hand, the maximum increase in permeability was set to threefold compared to the initial values (see the initial values from Table 1 and more details in the supplementary material).
Cartilage Inhomogeneities and Degeneration Thresholds
To understand the importance of cartilage inhomogeneity and different mechanisms during cartilage degeneration, four different models with increasing complexities were constructed (See material properties and differences in Table 1) . In all models, in terms of the material parameters in the FRPVE model, the fraction between individual primary and secondary fibrils (C), fluid fraction (nf), viscoelastic damping coefficient (h), Poisson's ratio (n m ), and initial (E 0 ) and straindependent fibril network moduli (E e ) remained unchanged, whereas permeability (k), collagen degeneration level (D), and PG depletion level (PG) changed due to cartilage degeneration caused by excessive levels of maximum principal stresses and deviatoric strains (see Equations 11, 15, and 19) .
Inhomogeneities Model 1.
This was the reference model with the same level of homogeneity as in the previous study 17 ; arcade-like collagen ), homogeneous distribution of collagen fibril density (r), constant threshold initiating collagen network degeneration, and PG loss (see Table 1 ).
Model 2. In order to investigate the importance of the depthwise PG distribution on cartilage degeneration, a depth-wise distribution of E m was applied to Model 1 according to an earlier experimental study. 27 Other properties were the same as in Model 1.
Model 3. In order to investigate the importance of depthwise collagen distribution on cartilage degeneration, depthdependent distribution of r 32 was applied to Model 2. Other properties were the same as in Model 2.
Model 4. Since cartilage failure stress in tension has been shown to be dependent on the collagen content, the depthdependent threshold for initiating collagen fibril network degeneration was added to Model 3 based on the depthdependent fibril density. 33, 45 Other properties were the same as in Model 3. Different depth-dependent threshold levels for PG depletion were not tested similarly as with the collagen fibril degeneration, since currently there are limited experimental data available to reveal how different strain levels in different depth-wise zones affect PG damage and loss.
Thresholds for Collagen and PG Degeneration
The threshold limit for the initiation and progression of collagen degeneration was based on earlier experiments and our theoretical predictions, and it was assumed to be 7 MPa 10,17 in all models, except in Model 4, in which the depth-wise threshold value was related to the normalized depth-wise collagen fibril volume density r zone as follows (see Table 1 
where T szone is the threshold stress level for the fibril network failure (maximum principal stress) at different depth-wise zones. Linear relationship between the collagen density and limit for the fibril network failure was justified by experimental measurements for bovine and human cartilage.
33,45
The normalized fibril volume densities in different zones ðr f;s ; r f;m ; r f;d Þ were based on a previous study. 32 Now, the zone-dependent fibril degeneration factor D el;t in Equations (12) and (13) was calculated as follows:
; if ðS el;t > T s zone Þ; ð21Þ
In the previous theoretical study simulating indentation loading, 31 the deviatoric strain limit of 30% was used as a threshold for initiation of PG depletion. This strain limit was based on a previous experimental study, 46 where strain-rates between 1.7% s À1 and 17% s À1 were applied for PVA hydrogel samples. During physiologically relevant loading of the knee, the peak strain-rate can be as high as $100% s À1 , which may influence the strain threshold for the initiation and progression of PG depletion. However, this kind of data is currently not available. Furthermore, a much lower shear strain ($7-12%) was proposed recently for cell death, and presumably for subsequent PG loss, in another experimental study applied for cartilage. 30 Therefore, different threshold levels for the initiation and progression of the PG depletion (T em ) were first tested (from 10% to 30%) and the results are shown for 15% and 17% strain thresholds, because they produced experimentally observed results.
Simulations
Similarly as in our previous study, 17 we simulated 100 consecutive degeneration iterations (arbitrary time) to evaluate collagen degeneration and proteoglycan depletion during the progression of knee OA within the medial compartment during simplified gait (Fig. 2) . Detailed boundary conditions and their justifications can be found from our previous study. 17 After the simulations, degenerated volumes were calculated in each model from those elements in which the degrees of PG depletion (PG el;i ; i ¼ 100) and fibril degeneration (D el;i ; i ¼ 100) were less than one (1 ¼ no degeneration, 0 ¼ total degeneration). Average degenerative changes from those elements (PG depletion, fibril degeneration, and increase in permeability) were also calculated. Degenerated volumes and average degenerative changes were calculated in a depth-dependent manner (superficial, middle, and deep) by dividing the tissue into three equally thick layers (33% of the total thickness, for more details see in supplementary material). These volumes reflect those elements that experienced degenerative changes in tissue properties, while the true volume of each element remained unchanged (see more details from the supplementary material). Finally, the results were compared against experimental observations (Fig. 1,  1,37 ).
RESULTS
Under normal joint loading, collagen fibril degeneration was negligible in all models (data not shown). A slight PG depletion occurred at the superficial zone (surface), but it was less than 2% in all models. During overloading of the knee joint, the volumes of the PG depletion were substantial with both thresholds (i.e., 15% and 17%) and they became altered with increasing complexity of the model (Fig. 3, top left and right) . The most substantial change occurred in the deep zone, where the volumes of PG depletion were decreased with increasing complexity of the model (Model 1 vs. Models 2-3). However, implementation of the depth-dependent threshold level for initiating collagen fibril damage did not alter PG depletion (Model 3 vs. Model 4). In the analysis of the fibril network degeneration (Fig. 3, bottom left and right) , only slight changes in the volume of the degenerated fibril network were observed due to implementation of the depth-wise PG distribution (Model 1 vs. Model 2). Implementation of the depth-dependent collagen fibril density decreased slightly the volume of the degenerated fibril network in the superficial zone (Model 1 vs. Model 3), whereas the implementation of the depth-dependent threshold level for initiating collagen fibril damage decreased In the analysis of the average PG depletion, increase of permeability and average degeneration in collagen network, the degenerative changes were altered when increasing complexity was introduced into the model (Fig. 4) . By percent, the simulated average PG depletions and average increases of permeability were more severe than the simulated average collagen degeneration. The threshold of 15% for PG depletion produced severe PG depletion (>40%) and a major increase in permeability (>90%) in each depth-wise zone (Fig. 4, left column) . The threshold of 17% for PG depletion produced more depth-dependent changes in those parameters, and these were consistent with the experimental observations (Fig. 4, middle column vs. right column) . A more detailed evaluation revealed that inclusion of the depth-dependent PG content changed the maximum PG depletion and maximum increase of permeability from the superficial zone to the middle zone (Fig. 4 , middle-column, Model 1 vs. Model 2). The additional increase in model complexity (Models 3 and 4) had only a minor influence on the depthdependent degeneration.
The trends between the volume of degenerated collagen fibril network and average degeneration of collagen fibril network were similar in each model (Fig. 3 vs. Fig. 4) . In Models 1-3, the simulated average degeneration in collagen fibril network was $21-24% in the superficial zone and $5% in the deep zone, respectively, but in contrast, no fibril degeneration occurred in the middle zone. When the depth-dependent thresholds were included (Model 4), the fibril degeneration was observed only in the superficial zone (Fig. 4, bottom-row) . Once again, the Figure 2 . Workflow from geometry creation to iterative degeneration algorithm. The top row describes interphases which are considered when calculating tissue stresses and strains, whereas the bottom row presents how predicted stresses and strains (1) affect collagen fibril degeneration (2), proteoglycan depletion (3) and increase of permeability (4) 
DISCUSSION
In the current study, a novel model for simulating cartilage degeneration was developed and implemented into a knee joint geometry. The amount of degeneration of the nonfibrillar matrix (PGs) was controlled by the deviatoric strain and that of the collagen network by the maximum principal stress. Fluid flow was assumed to be directly related to the PG matrix properties. While the maximum principal stress threshold for collagen damage and degeneration was adopted from earlier studies, 10, 17, 34 the sensitivity of different strain values for the PG depletion were tested here. Our results show that the most complex, inhomogeneous model with a 17% strain threshold for initiation and progression of PG depletion captured well the experimentally observed depth-wise PG depletion and collagen degeneration. One particularly interesting finding was that the middle zone displayed most of the PG depletion both in the experiments and model predictions. These results were in accordance with our main hypothesis and suggest that simultaneous PG depletion and collagen fibril degeneration in the knee joint cartilage can be predicted with our novel model.
In the subject during conditions of normal loading, there were no signs of OA during the follow-up period. In an obese subject, the radiographic KL grade increased to 3 during the 4-year follow-up. Our model also showed that no PG depletion or collagen fibril degeneration occurred during normal loading, whereas a substantial PG depletion and collagen degeneration was simulated due to repetitious overloading (due to overweight). However, it must be noted that we did not have specific information of the depth-wise tissue changes from these subjects. Therefore, here our experimental comparison is conducted against general depth-wise cartilage changes during the progression of OA (Figs. 1 and 4) . Furthermore, our aim was not to validate the algorithm against clinical data, but to present a new degeneration model, in which parameters can be adjusted when more patient-specific data becomes available.
While the threshold for initiation and progression of the collagen fibril network degeneration (tensile stress of 7 MPa) was based on previous experimental and computational studies, 10,17 different thresholds for initiating the PG depletion (deviatoric strain thresholds from 15% to 30%) were tested based on the literature [29] [30] [31] 46 and our preliminary tests. The thresholds over 20% did not cause any PG depletion in our model for the chosen physiologically relevant loading. On the other hand, the threshold of 15% did not cause a typical depth-wise PG depletion as reported in many experimental measurements (Fig. 1  vs. Fig. 4, top left) . Based on the current knowledge from previous studies, 2, 3, 36 the PG depletion as well as the collagen fibril network degeneration is initiated typically in the superficial zone prior to reaching down to the middle and deep zones. At later stages of OA, the magnitude of PG loss may be more similar in each zone, 35 which was actually predicted by our simulation using the threshold of 15% for PG depletion. When the deviatoric strain threshold for initiating PG depletion was increased to 17%, the characteristic depth-wise degeneration was apparent even in the homogeneous model (Model 1); high PG depletion at the superficial zone compared to other zones. After implementing the depth-wise PG and collagen distributions (Models 3 and 4), the characteristic depth-wise PG depletion became clearer. In these models, the well reported progressive PG depletion from the surface till the Table 1 .
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cartilage-bone interface was observed. This was in good agreement with the hypothesis and the characteristic tissue changes in early or moderate osteoarthritis concluded from experimental studies. 2, 3, 36 In contrast to our secondary hypothesis, depthwise collagen density (in the range that is typical in intact tissue) had only a minor influence on the simulated collagen fibril degeneration; only small changes in the superficial tissue could be observed (Models 2 and 3). However, by adding the depthdependent threshold for the initiation of the collagen fibril network degeneration (Model 4), as expected, changes in the degeneration of the collagen fibril network were observed. Degeneration of the superficial and middle zone collagen fibril network remained the same, while no collagen fibril network degeneration was observed in the deep zone. Several experimental measurements [1] [2] [3] 47 show a similar trend (Figs. 3 and 4) . On the other hand, models without the depth-dependent threshold were able to capture minor collagen network degeneration in the deep zone which is also consistent with the altered collagen orientation in selected experiments (Fig. 4) . This could point to some role of the subchondral bone in the initiation of OA. 48 Therefore, based on these results, we cannot say conclusively whether it is important to take into account the depth-dependent collagen network failure limit. In order to resolve this question, well-controlled in vitro studies with specific information of the depth-wise cartilage properties would be needed.
The relationship between the volume of the elements with collagen network degeneration (volume of the elements where D el;i < 1) and degree of fibril degeneration (average decrease in D el;i in the elements where D el;i < 1) (Fig. 3 vs. Fig. 4 ) were in accordance Figure 4 . Average PG depletion (top-row), change in cartilage permeability (middle-row), and collagen fibril network degeneration (bottom row) in each model evolution. Average values were calculated from those elements which experienced PG depletion or collagen fibril degeneration (see volumes from Figure 3 ). The right column indicates typical experimentally observed changes in the amount of PGs and collagen fibril network orientation in osteoarthritis. 1, 37 In the experimental observations, different depth-dependent zone thicknesses are considered to be the same as in the models ($33%). See changes in composition and material properties between different model evolutions (Models 1-4) from Table 1 .
with each other and obeyed the trends found from the literature. [1] [2] [3] 47 However, the degenerated PG volume (volume of the elements where PG el;i < 1) and degree of PG loss (average decrease in PG el;i in the elements where PG el;i < 1) (Fig. 3 vs. Fig. 4 ) displayed some differences. In the inhomogeneous models 3-4, the volume of the elements experiencing a PG depletion was concentrated within the superficial zone, but the amount of average PG depletion was highest in the middle zone (Fig. 3 vs. Fig. 4 ). This latter observation was in good agreement with the previous experimental observation. 37 These mechanisms can be attributed primarily by the collagen fibril architecture. Obviously, the largest areas of high tensile stresses (maximum principal stresses) are observed in the superficial zone with collagen fibrils oriented in parallel to the cartilage surface. Therefore, both the degree of fibril degeneration and the volume of the elements with fibril degeneration showed the same depth-wise behavior. However, in the middle zone, collagen fibrils do not resist tension or shear forces as much as in the superficial zone (due to more random fibril orientation). This led to higher deviatoric strains of the tissue, causing larger amounts of PG depletion in the middle zone compared to the superficial zone.
Since the change in permeability was linked directly to the amount of local PG content, the increase in permeability was in accordance with the depleted PG amount (Fig. 4 and the supplementary material) . This assumption was based on earlier experiments 1, 6 and the predicted relationship between PG depletion and increased permeability is consistent with other experiments. [4] [5] [6] The algorithm did not consider any increase in the fluid content due to the progression of OA. However, changes in fluid fraction are typically reflected in the permeability and alterations in this parameter were considered in the algorithm.
In the current model for cartilage degeneration, the PG loss was controlled iteratively by the excessive levels of tissue strains (deviatoric strains) under physiologically relevant loading. Due to short-term (dynamic) loading, the collagen fibril network and fluid inside cartilage generate the primary mechanism to resist overloading (strains) within the tissue. For this reason, in the current approach, severe degeneration in the collagen fibril network (softening) will eventually lead to PG loss even if higher thresholds (T em ! 20%) for initiation of the PG depletion would be used. As suggested in earlier studies, 15, 16 this kind of behavior might also be the result of the PG release into the synovial fluid due to damage in the collagen fibril network.
On the other hand, some researchers have hypothesized that injurious loading or overloading causes initially a PG loss which softens cartilage, leading to increases in collagen fiber strain/stress and later to collagen fibrillation. 12 Our results were not fully consistent with this hypothesis and showed that a higher amount of PG depletion and softer nonfibrillar matrix did not change the collagen fibril network degeneration (Fig. 3) . This was mainly due to high fluid pressure during short-term loading resisting tissue deformation, while the nonfibrillar matrix supported only a small fraction from the generated forces. 1, 26, 49 This behavior might change by substantially altered threshold for PG depletion and subsequent PG loss, or by different mechanism for collagen degeneration (such as fibril strain, 50 see the supplementary material). Nonetheless, fibril strains in our model were rather small compared to the possible failure limits proposed in other in vitro studies. On the other hand, other loading conditions, such as creep loading, might be needed (see more details from the supplementary material). In creep loading, fibril degeneration could be rather controlled by fibril strains instead of maximum principal stresses. 50 Our model is also purely biomechanical, for instance, it does not take into account potential cytokine release due to injury/overloading and subsequent PG loss, 12 or possible repair mechanisms of PGs. 51 These mechanisms would be potential improvements which could be incorporated into the current method if the parameters (biomechanical, biological) were known.
The presented algorithm was able to show some characteristic variations in the depth-wise compositional degeneration of cartilage tissue in the knee joint. The results with the deviatoric strain threshold for PG depletion and maximum principal stress for collagen degeneration produced similar depthwise degenerative changes in the collagen fibril network and PG content as reported in previous experimental studies. 2, 3, 32, [35] [36] [37] In the future, the computational simulation presented here could be used for predicting PG loss and collagen degradation during OA and for planning suitable treatment operations to prevent OA (e.g., weight loss). However, in order to validate the model thoroughly, specific data of the changes in PG and collagen distribution during the progression of OA will be needed from diverse subject groups.
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